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both the real and imaginary gas susceptibility. The physics of LITA 15 discussed and the denvanion is sketched of 3 simple
analytical expression that accurately ¢oscribes both the magnitude and tme histon of the LITA signal. Exly erpenmental
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LASER-INDUCED THERMAL ACOUSTICS (LITA)
FOUR-WAVE MIXING MEASUREMENT OF SOUND SPEED. THERMAL DIFFUSIVITY. AND VISCOSITY
E.B. Cummings
GRADUATE AERONAUTICAL LABORATORIES
CALIFORNIA INSTITUTE OF TECHNOLOGY
Passdena, CA 91128

Laser-induced thermal accustis (LITA 1 15 2 promising optical four-wase mining lechmque for gasdynamic measurement. The
V' nonlincar process 1s a sequence of two opto-acoustic effects. ehctrostncton and absorpuon/rapid-thermalization, and the
&ousto-optic clffect The v olution of the Laser- induced scoustc structares semporally modulates \Q 3) ang thereby the LITA ugrmal
Time resolution of the ugnal pros sdes the sound spoed. thermal diffutavity, aod acoustc dampang rate, slong with information showt
atomi ¢ moloculae encrgy Uansder rates | ITA can alvwo measore spectra of hoth the real and imagenary gas sasceptitelity. The
physis of LITA 1o diussed and the dorn atson 18 sketiched of 2 ssmple anslytscal crpwessson that socurstely describes both the
magnitude and time histon of the | 1TA signal Farly cvpereseontal results are peesented  Soend spocds accurate 100.5% and transpon
propertics acursie W ¥ have hoen meavurad o 3 uinghe shot withowt caliteatsn More realistsc modeimg showld deamatscally
IMPn ¢ Lrans st ety measarement | ITA  spoctra” hanve hoon Wk on of wead spectrad bines of N O > i concentrations bess than
Wppk Sicnal refatniics i ghas 0 ' have hoom cumused  Sew applacatsoms of LITA. wxladeng vcloacwnctry, e segpessed
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Using compicicly umalitvased ungle shot LITA, the sompuratare of the labvrsey av o memsered withes 0.3%, hmaed vy
UNCCTLL Ay oof the molecular worght of the Sermad st nd heam geometry  The thermal iffusn oty and aowstc dampeng cocflcscnt
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The geoemctss of the T 1TA eapaeriment o siiiilar 1o that of CARS ycodeeromt 2 Siok o Reman scasscrng ) or DFWM (dopomerane
four warve miving) However the nonlncants frodecng the LITA uagnal 8 3 combenatson of 0P~ 0w 3ad SOOUSIO-O0tK cffecm
o The L oherent sopcrematnn of guartom mochumeal sy sed W B A7 1IN ga0s Ae saslytical erpresiason for the abwolute
ZTPLL el ik b 04 i 1 ETA sl fun tors drived mamoung lner ipdrady e o tehsvior’  Thes snalyres ks
shomnthat | {TA cgnate mas tooad E T - Laner ot Sacvraence ) of DDFWAS tapmals o0 smtemiaty when coomparablc Lrnys are oned
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fickd 1s reren o the  lusiered o oy ulcs e redcasnd (onsisng soushd eves on the manncy of 3 popped ballaon. Elactrostrictaoa
peoducs a L ITA ugnal priguataonad 10 the «quire of the rod part of the £ sexcrpaiielity that sy he fonrceomant ¢ fesonantly -
cohad  The sxond (g80 Koz (MREnenem o shwvptsn fofioved by rpnd sosradutive dxpy or “Yermmalizstaon” of
et crcegy  Pagwd hermatizatscm Capaes ragud ¢spumien of Dhe £ andixwing st waves The LITA sigmal frome s effect
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v Enaturcs sikrm g wwtong of the (oomtrdutacm in the | ITA wpmid from oxch offxt Than 3 wpexorum of toeh the real aad snagenary
Frte c f the can son optinisty run by mesmered warng §ITA Thn prwncpie o domomaraied wiang ool Wamstacds Aol the sdsam
1Y hincs s thy tauwaews at tra s i ws N e um @ gyl

FITA AT AR (6, of o N At R, Lo xS nd SPumd qv e Yol (¢ (eunen fergvrtars of 3 hughly (olissacnad
e Ihe maRes TITA wmiget smveg sy Sugsnaas s of shad (xue? o rdicolsr Weme wales and doplore suodecule
Audorah At a e | ITA Semcis ferem sFTIRE £ 0 (MNS WUSE CIeYry guenkBeng 3 thedexwdiy ssnerartacm vhan hamgrers LIF and
SAPUY ALV T e i, MM; 1170 v gmprmtnems hpee 5 nmes s B sAnY shrve ol ol O md guencheng T

94-360 BEST AVAILABLE copy

Frof T 94 1123 091

. P iy Y R RPN AN e e AR N A
" Ui g




are high. as i many flows of practical gas-dynamic and acrothermochemical interest. For
requirement for the rapid chemical reactions needed in advanced propulsion systems. The hydrodynamic lifetime of the LITA

tnicraction suggests new applications of the technique, among which are measurement of velocity by analogy with laser Dopp
. e }
velocimetry and measurement of vorticity, for which there is no conventional snalog. Y o “

example, high molecular density is a

This article outlines the development and carly cxperiments of this measurement technique, First, the physics of LITA
mcasurements 1s discussed. A brief sketch follows of the derivation of the analytical expression for the LITA signal. The

cxperimental setup used at GALCIT s then presented along with the results of the carly experiments. Finally, future directions are
suggested for LITA appiication and conclusions are drawn.

Physics of LITA

LITA 14 2 laser-induced dynami grating tochnique similar 10 CARS and DFWM. The principal difference between these

thrgues and LITA 1s the ' Y i nonhincar) process that produces the signal. LITA employs a combination of opto-acoustic and
acuite optk effects Light from 2 powerful, (ast-pulsed “driver™ laser (e.g.. 1 - 1000 mJ, 1 - 10 ns) gencrates acoustic waves by
tav oo acmuk effecte. clctrmtrction and raped thermalization

The foamer effect s s 3used by the wndency of polanizable molecules 10 minimize their potential encrgy by clustering in regions
* hagh opamal chxctrx hekd imiensits | Electrostricton has the effect of lowening the pressure in regions of high field. When the

Lrbd st remenad there 1402 pecssure untalance that propagaes as acoete waves This effect 13 proportional to the real part of the
CE UL PO M

ihe tarwer off.ut 1 3 multipie siop provess that refwss upon molecular collisions. Farst, molecules of the gas absorb energy
froem the G er Ly and wlore of in e1dited staies when the driver Laser resonates with an absorption line of the gas. Next, inelastic
oy wla codlisae con ot pant of the encited- state encrey 10 molecular kinctc or rolational encrgy. This conversion may require
el 2 fcw (odliscds ie g 4 10 or many (¢ g . hundreds), depending upon the composition of the gas. Finally, elastic molecular
o lne s ogunbitease the s c3nCtact of the molecubes resulting 10 3 nise 1n iemperature. This equilibration usually requires only a few
ol e g five 10 1enr  The term thermalizaton™ covers the conversion of laser encrgy o thermal encrgy. Thermalization is
recguvtxnd i the imagmnany part of ihe gas susceptibrlety

In crder (e the thermalizaton Lo produce aoustc way es cfficiently, the drop in gas density accompanying the rise in tempersturc

rmunt Wl Lag that of agulibeation The dentity should be “frozen ~ on the time scale of thermatization (1), ). Density changes
1 2 modium Uavel CRFa i ally 3 the sound speed (¢,) Thermalization must occur on a tlime scale comparable 1o of less than

the tmc (e densaty changes t0 ravel acros 2 charactensii LITA length scale (.4 4). the length scale over which the intensity of the
Bracr lz 1 vanes
‘i

T (

Raamsse =y 10 verich proportonal 1o the collision rate, this effect bocomes more cfficient as dengity increases. At atmosphenc
Scnutscs 20 wempesatuges, 1ITA data showed that fast thermalizatson times were of the order five 1o fifteen nanoseconds for the
O cvened wases used in these capenments (of the order ten colbisions®) This compares with .\ g /¢, of thirnty to onc-hundred
anosuonds  The xoustx fickds generated by the daver laser evolve in time and space. They are damped by thermal diffusivity
ad vimouty Under the conditsons studied in these eapeniments, this damping ovcurs on the microsocond tlime scale.

{ sght froen 2 bong -pulse of CW “smrve™ lascr scatters into the LITA signal by an acousto-optic effect. Becsuse the susceptidility
1 8 medram 1s nearly lincar with density for acoustc disturhances . the density perturhation field of the acoustic waves gencrates a
crrespunding suscoptitliny perturhation field. The sesceptibahity ficld scatiers light from the source laser, forming the LITA signal.
Analy s of the ime-history of the seatiered signal provides information about the speed and decay of the opto-acoustic disturbances
and theretn the sound speed and ransport pwopertics of the gas '

Adging 2 four-wave minitig goometry for LITA as shown in Figure | provides both spatial resolution and coherent signal
crduroment  The diver Laset 1e sphit into two heams which cross at a small angle (0.5 - S degrees) in the gas. The LITA signal
1 gencraed caly 1n the sampie volume, where these heams iniersect, providing spatial resolution. Because the driver beams are
cterent eith cxh other, they interfere with cach other in the form of an cllipsoidal grating at their intersection. The grating
saichength S, wgventny

\ b (2)

"
Jans

LR ot Serear Laet wavekngth and ¥ s the Icamm .« resmeen e angle
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sample volume

laser-induced acoustic structures
Jrever beam | -

Jover beam 2
sotiree beam ——

signal beam

Figure | Atorward-wattenng LITA geometry was used in these expersments. The driver beams wnite acoustic gratings

into the gas The source beam incident at the Braeg ancle scatters off the acoustic structures into a coherent
ugnal beam

The opto-acoustis effents generste avoustie structures imodulation depth 001 S5 imally in the shape of the ellipenidal
graing  The nature of the avcustie structures gencrated by the two effects is different Electrostriction forms two traveling acoustic
warepackets (phononsiand a vers weak stationary isobasic density grating (thermons cach with the wavelength of the electric ficld
graing  Thermahizatien gencrates the same acoustic structures but the “thermon™ 1s dominant. The phonons counterpropagate in
the dircction paralle! ty the gratmg vector and decay by acoustic damping. The thermon decays by heat conduction. Light scattered
froem ine source laser by the scoustic grating structures adds coherently whan the source laser 14 incident at the Bragg angle of the
grating  As shown in Figure 1. the Bragg-scattered light emerges in a lobe or laser-like beam, which may te cfficiently detected

with large f-nuaher optics This featere 18 attractive where optical access 1 hmited o where luminosity mandates large [-numbet
detection :

Each acoustie structute scatiers hight trom the source Jaser onto the detector. 11 there 18 po convection v tlocaty, light scattered by
the phonoa moviag upward in Figure 1 has a Doppler “red-shift ™ Light scatiered by st conjugate phonon has a Doppler “bluc-shift.”
Light scattcred by the thermon has no Doppler stuft. The beating between the hght scattered by these structures modulates the signal
scen by the squarc-law detector  Three frequency components are present in the signal modulation (neglecting damping): a DC
component. a component at the “Brillouwn” frequency, « /.1 4. caused by phonon/thermon signal mivng, and a component at twice
the Brillouin frequency, cansed by mivang of signals generated by the conyugate phonons. A strong phonon/theriiion frequency
component 15 only present 1if the thermahization cffect is present. This addittonal frequency component allows distinction of the
thermalization and clectrostniction cffects when the two are of comparable magnitude. The real and imaginary pants of the gas
susceptibility may thus be measured independently using LITA.

Analysis of LITA Signals

This soction outhnes the denvation of an anatytical expression for the amplhitude and tme history of the LITA signal. This
cxpression allows the magmitude of LITA signals 1o be estimated o prior for expenimental teasibility studies and the actual LITA
signal 10 be interpreted quantitatively, with very good experimental agreement. The analysis treats the opto-acoustic effects and the
hydrodynamic evolution of the acoustic structures using the lincanzed hydrodynamic equations . The perturbation solution for the
far ficld of hght scattered off a diclectne disturbaice accounts for the acousto-optical effect”. A simple analytical result is oblained
for short-duration Gaussian driver beams, infinite-extent, monochromatic source beam, and single-rate-dominated thermalization®,

Opto-acoustic cffects appear as source terms in the closed set of lincarized hydrodynamic continuity, momentum, and encrgy
equations. Thermalization behaves like a temperature source in the energy cquation while clectrostriction forces the momentum
cquation. In terms of perturbations in density (), temperature, (7). these cquations are

ip .

_—,-l- + ey =0, 3

i
beo ..'V'.' 2 , .
SRR ARRBLET NN T 1)
i i -

aly I KU '’ i -
—_— e e e Ny = . (5)
in ap N i : '
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where perturbation terms are indicated by the subscript ‘1’, ¢ = V 2 =92 2
| . i v %1 = Voup,and V2 = 0%/022 + 02/0y? + 82/022. The
parameter 7 is the ratio of specific heats of the medium (¢ /cy), @ is the thermal expansion coefficient (— (1 /p) (@p/ 8/T),,). ¢y is

the iscntropic sound speed, Dy is the longitudinal kinematic viscosity (1 + (4/3 i i i
’ » ,and D i .
The boundary and initial conditions are ¥/ o+ (4/3)ms) T 15 the thermal dHfusivlty

pi(r,t=0)=0; ¥(r,i=0)=0; Ti(r,t=0)=0, -(6)

pi(r,t) — 0; ¥i(r,t) — 0; Ty(r,t) =0, as |[r| — oo.

ﬂcre.. il mean flow velocity is assumed to be zero. This assumption leads to a loss of generality because of the lack of Galilean
invariance of the system. The general case of arbitrary mean flow velocity will be explored in an upcoming extension of this work.

The electrostriction source term (12*6( r, 1)) is approximately

e = wEdvgl(r)P(t), (7)

far sraall density perturbations. The parameter F is the total energy of the driver beams during a pulse, P() is the normalized
temporal profile of the driver laser, /(r) is the normalized driver laser ficld intensity in the sample volume. This term is proportional
to the rcal part of the gas susceptibility at the driver frequency, wy, where \ = ¢/¢g — 1.

The thermalization term 7 (1, 1) describes the conversion of energy from the driver laser beams to heat. While this process
may be arbitrarily complicated, a single-rate ratc cquation for the excited state energy ({/(r. 1)) with diffusion effects approximates
the character of the process:

Tyr) = (e, (8)
,ocCe

where

i\ ). .
(7)—’— ol + Al = DU = 204im{n ()} Egl(r)P(L). (9)
U(r.t =0) =0,

where U(r.) is the excited-state encrgy density ficld, 7y is the rate of loss of excited-state energy to thermal encrgy, Yn¢h is the
rate of excited-state energy loss other than to thermal cnergy. 1), is the diffusivity through the gas of excited molecules, and ¢,
is the heat capacity of the gas at constant volume. If thermalization is rapid cnough, 74, behaves like a delta function rendering
the hydrodynamic behavior thermalization-rate insensitive. I a single thermalization rate modc! does not adequately describe the
system, the lincarity of the equations allows solutions using diffcrent rates to be supcrimposed to simulatc a more complicated
encrgy conversion. Thermalization was approximated by independent fast (c.g.. 10 ns) and slow (e.g., 100 ns) processes to fit the
LITA data presented later.

Equations 3.4.5, and 9 may be solved by applying Fouricr and Laplace transforms’ 3. The resulting set of lincar algebraic
cquations has the solution in terms of the Fouricr transform and Laplace variables q and < respecively:

205 = 1)y a=d
S+ 90+ Yn + I)"’.‘)

mia.x) _ Fertlla) _P(s)
p n Al (q. s)

—(a+ 1 Dpg Re{y )} + ( lln{\(w.:)}] . (10)

where perfect gas behavior has been assumed. The quantity M (q. s) is the characteristic equation of the system of algcbraic
cquations.

M(g.s)= "+ (Dug” + 9 Dypg*)s” + (e2q* + v 0rq® Deq®)s + cig? Dyq. (1)

The roots of the cubic cquation M (<. ¢) = 0, provided .\, is much larger than the mean-frec path of the gas, arc very ncarly
s = =Dy’

~ny = —I':/" + ieq.  and (12)

0 .
sy = -—l !/' — 1.




where I' is the classical acoustic damping coefficient, (1/2[(y — 1 )DT + Dy)), and ¢, is the isentropic speed of sound. |

A partial rracﬁon§ expansion of equation 10 in the roots of s simplifies Laplace invcrsion. There are four terms in this expan§ion.
Two tf:rms correspondu'ng 10 }hc real roots of the denominator combine to describe the formation and decay of a thermon. The terms
resulting from the two imaginary roots describe the formation of conjugate phonons. The acousto-optical effect is modeled using

the perturbation solution® for the far-field of light, £,, scattered from a source beam by a small disturbance in the susceptibility at
the source-beam wavelength, x (r, £;wg).

. Eok3 .
Ey(R,t;q) = - 4:’”; expi(ky - P - wot)\1(q.t:w). (13)

where q is the change in wave vector from the source to the scatiered beam. The scattering direction and strength are dictated by
the spatial Fourier transform of the susceptibility disturbance:

e 8

\1(q, fiwn) =/

-

tl"roxp(nq-r){\l(r.!:u:n)}. (14)

The susceptibility of a gas is closely proportional to the gas density for small density changes, thus,

N
RIS \(.m”";' ' (15)

The right-hand sidc of this equation is known 1 terms of the driver laser parameters. Thus, combining equations 10, 13, and 15, the

scattcred light ficld is known in tcrms of the imposcd lasers and parameters of the gas medium including the sound speed, thermal
diffusivity, and acoustic damping cocflicient.

The scaticred signal cmerges as a coherent beam with the divergence angle imited by diffraction from the small sample volume.
Intcgrating the square of the scattered clectric ficld over the detector area yiclds the total LITA signal intensity. Signal strength
may be expressed as a reflectivity, or ratio of the signal beam 10 source beam intensity. The magnitude of the LITA refloctivity is
of the order 104 for room air with a thermal modulation depth of 1% in a (wo-millimeter-long sample volume, without resonant
cnhancement at the source-laser wavelength. Experiments st GALCIT used a onc-Watt CW Ar lon laser for the source lases. From
reflectivitics of this magnitude, a milliwati-range He-Ne source laser could provide usablc signal levels.

In the limit of rapid thermalization, shon driver-laser duration, and flat source-beam intensity. the expression for the temporal
LITA signal becomes

Iygg A1) x tdexp{- i),q;'l) + Beos{cqqt + $)expl —lq;’l})". (16)

where gg = 27 /Ay is the driver beam nterference grating vector, and -1, 13, and & are simple algebraic functions of gas and laser
beam parameters. Where the approximations listed above are not valid, spatial and temporal convolutions of 1ascr-beam profiles
augment the analysis. While gencrally these convolutions require numerics. all of the paramcters which augment the snalysis arc
rcadily measured cxcept the thermalization rates. These rates may cither be inferred from the LITA data. estimaled from published
data, or ignored provided they are much faster than the acoustc motion.

LITA Expcrimental Sctup

The philosophy behind the development of LITA has been to obtain the most accurate and robust gas-dynamic measurements
with the least experimental and analytical complexity. Common and relatively inexpensive tuncable or fixed-frequency lasers
may be used for LITA. While LITA requires wide-bandwidth signal detection and recording and geomctrical phasc-maiching,
these experimental complications are offset by the intensity of the LITA signals and the casc in signal analysis. Furthermore,
LITA measurement of the sound speed provides the gas (emperature if the caloric cquation of state of the gas is known, Other
spectroscopic techmques usually measure temperature by scanning a rotational band of a well-studied diatomic molecule with
accessible transitions, of which there is only a handful. The populations of these bands must be inferred from the signals, not
a urivial practicc in some diagnostics, and then fit (0 3 Boltzmann distribution 10 obiain icmperature. LITA thermometry may be
done entircly nonresonantly or resonantly using a0y absorption line, provided some absorhed encrgy is thermalized on the LITA
time-scale or faster. This frecdom in absorption-line chrice may significantly simplify experiments by climinating the need for
frequency conversions into the UV or IR,




Figure 2 shows a schematic diagram of the experimental apparatus used in LITA experiments at GALCIT. The driver laser is
a horr}c-brcw narrowband pulsed dye laser oscillator/amplifier with a noisc bandwidth of about 3 GHz. Pumped by a Continuum
Q-swughcd, frequency-doubled Nd:YAG laser model YG-660 at about 150 ml/pulse, the dye laser output is about 30 mJ in
approximately 5 ns pulses. The laser operated from about 587 nm to about 592 nm during these experiments.

sample
400 mm {1 lens vol

mp
4.

1
"3 me 488 nm BPF
£ 40 mm {1 lens -ﬂ' o
lonlm reference
<7’ 20 mioron pinhole
Ar lon Laser fast
488 nm PMT
l1¥cCw
signal Lnso
1 CS/s
2 ch
Dye Laser R

m
JOS B.S. 650~-600 nm
40 mJ 2:N¢!NY0AE‘J Laser

8 ns
2 CHs LW.

Figurc 2. The LITA experiments conducted at GALCIT usc a Nd: YAG pumped dye-laser for the driver laser and a CW
argon ion lascr for the source. The LITA signal is detected by a fast PMT and recorded by a fast DSO.

Approximately three-millimeter-wide driver bcams are formed from the dye laser emission by a 50% beam splitter and a
mirror 1. The crossing geometry of the beams ensures that both beams travel similar lengths to the sample volume so that phase
coherence between the beams is not lost. Mirrors m» and m 3 are adjusted so that the driver beams are paraliel and enter the 400
mm lens symmetrically. The driver beams intersect at the focus of the lens where they approximatc finite plane waves about 200 yem
in diameter. The beam crossing angle 1s set by the distance between the parallel beams, adjusted using micrometer translation stages
under mirrors 1 and m 3. BOXCARS geometrics® with crossing angles ranging from 1.0° 10 2.3° were used in these experiments.
Detection of the driver beam pulse by a silicon PIN photodiode, py (Thor labs, model DET-2S1), triggers the acquisition of the
LITA signal. The source laser used in these experiments is a CW argon ion laser operating at 488 nm with a 1 W output power
(Spectra Physics Model 165). The source laser should have a coherence length longer than the interaction region, typically two to
1en millimeters, because phase noise of the source laser manifests itsclf in the washing-out of the modutation of the signal beam.
Futurc cxperiments are planncd using a Nashiainp-pumped dyc laser with a pulsc duration of about 800 ns, a pulse cnergy up to 3
J. and a lincwidth of about 0.003 nm. Under the same conditions, this laser will provide onc million times the signal obtained from
the Ar ion lasce, providing incohcrcnl-scallcring-linlilcd scnsitivity.

The source beam passes through a two-lens system which adjusts the beam width, ranging from about 200 yim to 2 mm in
these experiments. The mirror 12 ¢ points the source beam at the sample volume. Phasc-matching adjustments are made using a

micrometer-driven translation stage under 1114, A silicon PIN photodiode, 22, monitors the intensity of the source beam during the
LITA intcraction.

The detection system consists of a fast photomultiplicr tube (PMT, Hammamatsu model OPTO-8) with at lcast a 500 MHz
signal bandwidth and optical filters 1o prevent contamination of the signal by otherwise scattered light, luminosity, room light, ctc.
The filters include a 10 nm bandpass interference fifter centered at 488 nm and a 40 mm Iens/20 pim pinhole spatial filter. The
LITA signal path-length to the detector is about 2.5 m, The PMT power supply (Fluke 412B) was carcfully filtered to climinatc RF
NOISC-SOUICCS.

Data are recorded using a ! GS/s, cight-bit, two-channel digital storage oscilloscope (DSQ) (HP 54510A). This records
typrcally 500-10-2000-sample time istonies of signals from the PMT and p,, inggered by the signal from py. When noeded.
cnsemble averaging climinates shot nose from weak LITA signals. Otherwise. measurements require only a single driver laser
pulse. Data from the DSO 1s down-loaded via a GPIB interface to a computer for analysis.
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During the earliest experiments, LITA signals were measured from the laboratory ai i i iti

‘ ng the . . ry air, which had essentially the same composition
as the outside air. Accord:qg to the Southern California Air Quality Management District, this contained less than 50 pans-pc‘r’-(:)illion
of ”“_’ pollutant NOg during the days of experimentation. In spite of the low concentration and the relative weakness of NO;
transitions near 589 nm, LITA successfully detected the trace species. In later experiments, NOj was seeded into the air near the

sample \'Ollflne. by rgacting copper and concentrated nitric acid in a beaker. Future tests are planned to explore the parameters of
LITA quantitatively in a high-pressure, heated bomb with optical access.

Experimental Results and Discussion

The carliest set of LITA experiments using laboratory air was completely nonresonant, the signal arising completely from
nonresonant clectrostriction. In these experiments, the signal scattered from the Ar ion laser was very weak, roughly 30 photons per
nanosccond (reflectivity of ~ 10~ with the 1 W source beam). Ensemble averaging provided usable signals. An average of 256
shots yields the nonresonant data plotted as ihe dotted curve in Figure 3. The frequency of the modulation is about 26 MHz, twice
the Brillouin frequency, yielding a sound speed accurate within the uncertainty of the knowledge of the laboratory sound speed
(~0.5%). The signal recorded near a line of NO2 appears as a dashed curve in Figure 3 for comparison. Resonant enhancement of
the real part of the susceptibility of the gas is responsible for this signal increase. The signal recorded near the peak of the absorption
line is the solid curve plotted in Figure 3. On this curve the dominant frequency modulation is at the Brillouin frequency, caused by
interference between the signals scattered by the phonons and the thermon.
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Figure 3. The nonresonant clectrostrictive signal (dotted curve), near-resonant clectrostrictive signal (dashed curve)
and resonant signal (solid curve) are plotied for comparison. The resonant signal modulation is mostly at the
Britlouin frequency. Off-resonance signal modulation is mostly at twice this frequency.

A LITA “spectrum™ of the susceptibility of the gas appears in Figure 4. The spectrum was taken by scanning the driver
laser between test runs and is intended to suggest the capability of the technique. 1t is not to be interpreted quantitatively decause
the discrete frequency step in the spectrum was about 12 GHz, much 100 lasge to resolve lines of the gas. A spectrum of the
complex susceptibility of the gas may be obtained by analyzing cach measurement. Future spectral studics are planned when the
‘ascr-scanning, data-acquistion/down-loading/data-processing systems arc automated.
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Figure 4. This LITA “spectrum” of trace N O+ consists of 256-shot ensemble averages of LITA signals iaken approxi-

matcly 12 GHz apart. In the foreground the signal comes primarily from resonantly-enhanced electrostriction;

in the background, the signal is characteristic of resonance (thermalization). The structure in between consists
of unresolved lincs because of the large frequency step.

Sceding the gas with NO, provided LITA signals that were several orders of magnitude stronger than the signals obtained from
room air, with estimated reflectivities around 10~4. True single-shot measurements of the sound speed and transport properties
were taken, A sample single-shot LITA signal appears in Figure 5. The driver beam crossing angle was 1.04°, yielding a grating
wavclength of 32.3 um and a Brillouin frequency-of 10.7 MHz. At high concentration of absorbing species, the thermalization
cffect swamps the electrostrictive effect. Figure 6 shows a four-shot average of the LITA signal obtained when the beam crossing
angle was widened to 2.3 © (grating wavelength of, 14.5 um; Brillouin frequency of 23.9 MHz) Damping of the waves occurs on
a time-scale proportionai 1o the square of the grating wavelength, In Figure 6 the theoretical LITA signal is plotted with a dashed
curve, showing excellent agreement with experiment. The sound speed and transpont coefficients used in the fit are published values
for dry air. In these tests, thermalization occurs on a time scale comparable 10 the inverse of the Brillouin frequency. Thus, the
simple single-rate model of thermalization which applies when such rates are poorly resolved is replaced by a model consisting of the
superposition of two single-rate thermalizations: a fast ~10 ns process and a slow ~100 ns process. The two rates and the relative
balance between the processes are three independent fiiting parameters. A better fit to the data could be obtained by adopting a more
accurate thermalization model and source-beam-profile model (a top-hat profile is assumed) and including the effect of source-beam
phasc noisc. Future experiments will seck (0 refine these models. Because of the resolved unknown thermaiization behavior, the
uncertainty of transport property mcasurements is high. Experiments conducted at high pressures, where thermalization rates are

much faster, are planned to confirm the accuracy of the expression for the LITA signal with no degrees of freedom (in the limit of
rapid thermalization ratc).
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Figure 5. {a] This single-shot LITA signal of NOs-seeded air was taken with a grating wavelength of 32.3 sm. [b] This
four-shot average LITA signal of seéded air was taken with a grating wavelength of 14.5 um. Damping-rates
increase as the inverse square of the grating wavelength. The theoretical fit to this data is plotted as the dashed
curve, showing excellent agreement,

Futurc Directions

Itis premature to gauge at this early stage in the development of this technique what its future capabilities or applications might
include. However, there arc several interesting applications already under consideration. The measurement of transport properties of
gases is very important in several ficlds including gas-phase chemical modeling and hypersonics. To the author’s knowledge, LITA
provides the most direct nonintrusive measurement of these properties. The measurement of sound speed provides the temperature if
the gas composition or caloric equation of state is known. While this is not a direct temperature measurement, the considerable ease
with which the measurement is performed has merit. Furthermore, the “direct” measurement of temperature via fitting populations
to Boltzmann distributions often requires a great deal of spectroscopic and cnergy-transfer knowledge. LITA's ability to measure
temperatures accurately from the very first signals without any calibration speaks in it’s favor.

While the measurement of these gas-dynamic parameters has been discussed throughout this paper, therc are several other
applications that are evident. LITA has provided information about the rates of thermalization of excited-state energy. LITA could
in the future become another window in the study of molecular and atomic encrgy transfer. The ability to detect and measure the
complex susceptibility of trace species suggests that LITA could be employed in atmospheric poliution detection and spectroscopic
studies.

Another application of LITA is flow-velocity measurement. When the acoustic structures generated using LITA convect in a
flow, the light scattered off them gencrally has a Doppler shift. This Doppler shift may be measured by time-resolving the LITA
signal heterodyned with the unscattered source laser. The strength of the scattered signal in LITA makes this technique practical.
Preparations for future experiments in LITA velocimetry have begun. Yet another potential application of LITA is the measurement
of strong vorticity. The phase-matched scattcring angle of a LITA structure immersed in a fluid with local rotation will similarly -
rotate. Thus the dircction of emergence of the LITA signal could be used to infer vorticity.

In all likelihood, the pursuit of thesc various applications will point toward others. In the near term, however, the analysis of
LITA signals and techniques of LITA measurement will be refined. Careful parametric studics will be performed to validate the
analysis and find the limits of the technique.




Conciusions

Laser-induced thermal acoustics (LITA) is a time-resolved four-wave mixing (FWM) technique for gas-phase measurement of
;ound speed and transport properties. It is different from conventional four-wave mixing techniques in that the optical nonlincarity
isa ctquence of opto-acoustic and acousto-optic cffects. The interaction lifetime is dictated by the damping processes of acoustic
a'ltcnuauon and heat transfer, which occur generally on much longer time scales than dephasing and quenching. Thus the LITA
signal may be resolved in time in a single shot using a fast detector and fast sampling oscilloscope, not the multiple-shot optical
delay scanning techniques often required for time-resolved FWM. LITA has demonstrated excellent sensitivity in the first round of
cxperiments. Detection limits of weak spectral lincs of NO2 in atmospheric air of less than 50 ppb were observed using rclatively
weak lasers. LITA sound-speed measurements werc accurate within the uncertainty of the calculated laboratory sound speed
(0.5%). LITA can also measure the complex susceptibility of a gas. Frequency scanning experiments enable the measurement of
susceptibility spectra. In gas seeded with NOo, reflectivitics of the order 104 were estimated. In both magnitude and time-history,
the LITA signal is accuraic'y represented by an analytical expression for the LITA signal derived from the lincarized equations of
hydrodynamics and light scattering.
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